ABSTRACT: Celiac disease (CD) is caused by loss of tolerance toward gluten and related cereal products. The delivery of gliadin peptides (GP) to HLA-DR-positive late endosomes (LE) of enterocytes is required for antigen presentation and tolerance generation. We hypothesized that anti-gliadin antibodies in CD serum modify gliadin transport into LE within enterocytes. CD and control duodenal biopsies were incubated with digests of gluten as well as with serum of CD patients. Lissamin-labeled GP AA31-43 and AA56 -68 were endocytozed by Caco-2 cells with serum of CD-or control patients. Colocalization of gliadin with the LE marker LAMP-2 and cathepsin D was determined and quantified on immunofluorescence and immunoelectron microscopical level. Up to 13% of internalized gliadin was located in LE of CD biopsies incubated with CD serum compared with less than 4% in CD biopsies without CD serum as well as in control biopsies. In Caco-2 cells, the colocalization coefficient of GP AA31-43 and LE was 0.82 with CD serum, 0.42 with control serum, and 0.48 with culture medium. Incubation with CD serum can direct GP AA31-43 into LE of enterocytes which is required for antigen presentation. 
C eliac disease (CD) is a multiorgan disease with autoimmune characteristics affecting approximately 1% of the population. It is caused by the lack of tolerance induction toward gluten and related cereal products in HLA-DQ2-and DQ8-positive individuals. Glutamine residues of these cereal storage proteins being gliadin for wheat are deamidated to glutamic acid by tissue-transglutaminase type 2, the autoantigen of CD. This increases its binding capacity to HLA-DQ2/8 (1) . "Toxic" gliadin peptides (GP) have shown to be presented to mucosal T cells by HLA-DQ2/8 on dendritic cells of the lamina propria (2, 3) .
GP AA31-49 and AA57-73 were found to exacerbate CD in vivo and in vitro (4) . GPs are transported through enterocytes to the lamina propria and are found in plasma (5, 6) . The toxic GP AA31-43 provokes both adaptive and innate immune responses with upregulation of various mediators, including IL-15, cyclooxygenase-2, CD83, and CD25 (7) . MHC class I chain-related gene A plays a key role in the damage mediated by intraepithelial T lymphocytes involving the natural killer cell receptor NKG2D (8) . Unlike GP AA31-43/49, the immunodominant GP AA57-68 has the ability to stimulate gluten-sensitive T cells (7, 9) .
GPs are crossing the intestinal barrier through transcytosis of the epithelial layer (10, 11) . While GP AA57-68 reaches late endosomes (LE), GP AA31-49 bypasses LE within enterocytes (12) . Most of endocytosed proteins are transported from EE to LE and to lysosomes (13) . The localization of exogeneous antigens in LE is a prerequisite for MHC IImediated antigen presentation to CD4 ϩ T lymphocytes (14) . Therefore, GP AA31-49 escapes antigen presentation and is unable to induce T lymphocytes. We have recently shown that a conjugation of GP AA31-49 to cholera toxin B can direct this peptide to LE (12) . Routing food antigens to LE of enterocytes seems to be essential for the generation of oral tolerance (15) .
As polyvalent ligands have also been found to be processed in LE (16), we addressed the question whether gliadin-specific antibodies from CD serum could direct the toxic GP AA31-43 into HLA DR-positive LE which is important for antigen presentation (14) .
WB6/8 and ␣-Gliadin) on electron microscopical level, we analyzed at least 12 randomly chosen electron micrographs from four different specimen with mitochondria and nuclei as negatively and early endosomes (EE) as positively labeled organelles.
Immunoelectron microscopy of duodenal biopsies. Duodenal biopsies were sectioned and labeled using the technique of Tokuyasu as described previously (15) . Microscopic evaluation was done with magnifications between 13.300-and 33.900-fold. For quantitative analysis of subcellular labeling distribution, 100 gold particles (12 nm) were counted by a meandershaped pass through each grid. Their ultrastructural localizations were listed. LE were characterized by positive staining with cathepsin D (dilution 1:40; Dako, Hamburg, Germany) and LAMP-2 antibodies (dilution 1:5; BD Pharmingen, NJ, USA). Vacuoles without staining by these antibodies were taken as EE.
Immunofluorescence microscopy of Caco-2 cells. Cultivation of cells, incubation of peptides and antibodies, and microscopical evaluation have recently been described in detail (17) . Cells were incubated with GP at 37°C for 20 min, washed, and fixed immediately or after 180 min.
Statistical analysis. Statistical analyses were performed by using SPSS 12.0 (IBM, Chicago, IL, USA). The calculation of significance levels was done using the Mann-Whitney U-test. p values less than 0.05 were defined as significant.
RESULTS
Visualization of gliadin localization sites within enterocytes on ultrastructural level. Duodenal biopsies were incubated with gliadin, and thin frozen sections were stained with antibodies against gliadin and LE markers. Two monoclonal (R5, WB6/8) and one polyclonal antibody (␣-gliadin) against gliadin were used to determine the subcellular distribution of gliadin within enterocytes; 1% of gliadin-related gold particles were counted in mitochondria, 5% in nuclei, and 17% in the cytosol (Table 1) . These compartments are considered to be unspecific for gliadin labeling considering the large volume of nuclei and cytosol. Thus, labeling densities as the number of gold particles per m 2 representing a determination for antibody specificity were low for R5 on mitochondria and nuclei, compared with EE as a positive control with 0.8, 0.1, and 39.1, respectively. Incubation experiments, omitting the primary antibody, yielded in no significant labeling.
Detection of endocytosed gliadin in LE of enterocytes from CD biopsies after incubation with CD serum. Our experiments showed that the gliadin content of LE could be increased significantly, if FFIII incubation of CD biopsies was done in the presence of CD serum. Without CD serum, the endocytosed gliadin only reached EE but not LE in CD biopsies (Fig. 1A) . However, when CD serum was added to the incubation media of CD biopsies, an increased colocalization of gliadin within LE was observed (Fig. 1B-D) . The use of gliadin with different antibodies (R5 and WB 6/8 as monoclonal and p-␣-Gliadin as polyclonal antibodies) revealed comparable results in all eight CD patients. This result was similar to the effect of cholera toxin B conjugation with GP AA 31-49 observed ex vivo and in vitro (12) . In contrast to LE, the amount of endocytosed gliadin within EE could not be enhanced by CD serum. About 50% of intracellular gliadin was found in EE of enterocytes from patients with CD, either with or without incubation with CD serum (Table 1) .
No enrichment of gliadin within LE within control enterocytes by CD serum. To examine the specificity of the enhanced endocytosis of gliadin into LE in CD serum-treated biopsies of CD patients, we compared the amount of gliadin within LE of enterocytes, originating from duodenal biopsies of healthy controls and CD patients. Four healthy control biopsies showed a low uptake of gliadin in LE with and without CD serum ( Fig. 2A, B) which is comparable to CD biopsies without treatment with CD serum and biopsies of two patients with Crohn's disease. The use of three different antibody combinations, R5 with cathepsin D, WB 6/8 with cathepsin D, and ␣-Gliadin with LAMP-2 yielded in similar results. The labeling amount of gliadin within EE was independent of the treatment with or without CD serum (data not shown). These data support previous results, indicating a lack of gliadin transport into LE in control enterocytes (10 -12) .
Gliadin ratios within LE of CD and control biopsies treated with and without CD serum. The quantitative analysis of the distribution of intracellular gliadin label was performed through meander-shaped counting of 100 gold particles in the epithelial layer through each grid in relation to their ultrastructural localizations (Fig. 3) . LE within enterocytes of duodenal biopsies, which were obtained from eight CD patients, contained 13% of intracellular gliadin when incubated with CD compared with 3% in CD biopsies without CD serum incubation. Low amounts of gliadin in LE were also found in four healthy control biopsies with (3%) and without (4%) CD serum as well as in biopsies from two patients with Crohn's disease, again, independently of the incubation with (4%) or without CD serum (3%) (values are median). The amount of gliadin, reaching LE of CD enterocytes mediated with CD serum, was four times higher than the amount of gliadin in LE found in control biopsies with or without CD serum and CD biopsies without CD serum. Although the anti-gliadin antibodies used have different binding properties, the values of the WB 6/8 and polyclonal-␣-gliadin antibodies confirmed the result obtained by using the R5 antibody (data not shown). In specimens of the two patients with Crohn's disease, 4% of intracellular gliadin was found in LE by using the R5 and p-␣-Gliadin antibodies, but only 2% when detected with WB 6/8 antibody (data not shown). As WB 6/8, but not R5 is able to recognize deamidated GP (12), WB 6/8 staining indicated that the majority of LE gliadin has not been deamidated.
Redirection of GP AA31-43 to LE in Caco-2 cells through CD serum. The synthetic peptide GP AA31-43 was incubated in Caco-2 cells in the presence of CD serum and control serum. Figure 4 demonstrates representative examples of the immunfluorescence evaluation with control serum (Fig. 4A-C) and with CD serum (Fig. 4D-F) . Figure 4A and D shows the isolated signal of the Lissamin-rhodamine-labeled GP AA31-43, which is localized in vacuoles around the nonstained nuclei. Figure 4B and E visualizes the labeled LAMP-2, a marker for LE. The merged images seen in Figure 4C and F revealed possible overlapping of both colors. After incubation of Caco-2 cells with control serum, no colocalizations of both color signals could be observed, as indicated by the absence of yellow color in Figure 4C . This suggests a lack of GP AA31-43 transport into LAMP-2-positive LE. In contrast to control serum, CD serum markedly enhanced GP AA31-43 transport into LE (Fig. 4F) .
Quantitative evaluation of GP AA31-43 transport into LE of Caco-2 cells comparing the incubation with CD serum, control serum, and culture medium. Incubation with control serum did not change the amount of endocytosed GP AA31-43 in comparison to cell culture medium (DMEM) alone neither in EE (0.81 and 0.75, respectively) nor in LE (0.46 and 0.48, respectively) (Fig. 5) . The colocalization coefficients with GP AA31-43 and the EE marker EEA1 were significantly higher after treatment with CD serum (0.93), indicating its increased uptake into EE. The colocalization coefficients of this peptide with the LE marker LAMP-2 were low after incubation with medium alone (0.48) as well as with control serum (0.46), but could be doubled after incubation with CD serum (0.81). Thus, the absence of GP AA31-43 in LE could be enhanced by using CD serum (Fig. 5) . This treatment delivered toxic GP into LE and may influence its presence in EE through recycling. The transport into LE seemed to be completed within 20 min, as longer incubation times for up to 180 min did not significantly change colocal- (12); its translocation into LE observed with CD serum tended to be enhanced.
DISCUSSION
Gliadin is partly digested by gastric and pancreatic proteases and peptidases. GP can be endocytosed by enterocytes and partially processed in endosomes until it reaches the lamina propria and the circulation (18) . The toxic GP AA31-49 is poorly degraded in CD enterocytes; the immunodominant GP AA57-68, however, is totally degraded during epithelial transport (18) . Both peptides segregate along the endosomal pathway and GP AA31-49 bypasses LE (12) . This cellular compartment is thought to play a key role in HLA class II antigen-mediated CD4 ϩ T-cell stimulation induced by exogenous antigen presentation of intestinal epithelial cells (14, 19, 20) . HLA class II expression and CD4 ϩ T cells are required to generate oral tolerance (21) . A prerequisite for enterocytes to induce tolerogenic effects is the presence of HLA class II antigens in LE, which belong to the HLA-DR type (22) . HLA-DQ antigens are more strongly expressed on dendritic cells in the lamina propria required for the toxic reaction (3) . In experiments with mice, it was shown that BALB/c mice, which generated oral tolerance toward ovalbumin, took up this food antigen very efficiently into LE of enterocytes in contrast to SCID mice that were unable to initiate such a tolerance reaction (15, 23) . Gliadin processing and presentation through enterocytes seems to be crucial for the understanding of CD pathogenesis, as CD is caused by a tolerance failure toward gliadin. In our study, we observed the toxic GP AA31-43 only in EE, but not in LE of enterocytes, while the immunogenic GP AA57-68 accumulated in this compartment within 20 min. Interestingly, Luciani et al. (24) described GP AA31-43 localized in LE of T-84 and Caco-2 cells without any treatment. These findings might result from long incubation times and the biotinylation of this peptide applied in their study.
To generate oral tolerance toward gliadin in the context of primary prevention toward CD, our study was designed to test the potential of guiding GP into LE so that they can be presented by HLA-DR antigens in the basolateral membrane. Different ways to modulate the intracellular transport, for example by adding a signal sequence, have been reported (20) . Cholera toxin B subunit acts as an efficient transporter, using the ganglioside GM-1 receptor for internalization and tolerance induction (25) . A conjugate of the cholera toxin B subunit and GP AA31-49 is transported effectively into LE (12) . Our experiments demonstrated that there is an additional mechanism to redirect GP AA31-43 to LE of enterocytes similar to GP AA31-49 conjugated by cholera toxin B. Mellman et al. (26) found that small amounts of monovalent antibodies entered mouse macrophages, reached EE, and are subsequently recycled to the cell membranes. With polyvalent immune complexes, both ligand and receptor are degraded after being delivered to lysosomes (16) . The "neonatal" Fc receptor (FcRn) mediates the postnatal transfer of IgG from colostrum and milk (27) ; FcRn is also expressed in adult intestinal epithelial cells and Caco-2 cells (28) . Furthermore, the polymeric Ig receptor (pIgR) is involved in the transepithelial IgA transport. Although pIgR mainly functions in basolateral to apical transcytosis, apically uncleaved pIgR can take up pIgA from the luminal site (29) . Unspecific secretory IgA is able to enhance probiotic adhesion on Caco-2 cells. On this background, we examined the hypothesis that sera from CD patients containing specific anti-gliadin IgG and IgA might be able to redirect gliadin and more specifically GP AA31-43 into LE of enterocytes (Fig. 6 ). In fact, we observed ex vivo and in vitro that CD serum yielded the anticipated effect which neither could be induced by cell culture medium nor by serum from healthy control patients. This is most likely due to high titer of gliadin specific IgA and IgG in the serum from CD patients. Isolation of gliadin antibodies from CD sera would be required to finally prove this hypothesis. Moreover, Figure 5 . GP AA31-43 uptake into EE is not affected by control serum (Co-S) and culture medium (DMEM). CD serum (CD-S) significantly increases translocation into EE and almost twice as much into LE in contrast to Co-S and DMEM. *p Յ 0.05.
our experiments showed that translocation of GP AA57-68 into LE, which was much stronger than for GP AA31-43 under native conditions (which is in line with MatysiakBudnik et al. (18) ), was also slightly enhanced by CD serum. Enterocytes are able to suppress the proliferation of CD4 ϩ and CD8 ϩ lymphocytes by expressing the immunosuppressive cytokines IL-10 and TGF-␤, which can also induce T 2 -helper cells and regulatory T cells for generation and maintenance of oral tolerance (30, 31) . Two mechanisms are important for the development of immune tolerance: (1) deletion and anergy of CD4 ϩ T cells and (2) induction of regulatory CD4 ϩ -T cells. We now speculate that toxic GP, such as GP AA31-43, are delivered to LE of the infant's intestinal epithelium mediated by gliadin specific IgA and IgG. Eventually, these GP can be presented on the cellular surface, resulting in the induction of Foxp3 ϩ T reg lymphocytes (32) . Breastfeeding may reduce the risk of developing infections, allergies, and CD; the underlying mechanisms, however, are still unclear (33) . Protection is suggested to be mainly deriving from IgA antibodies, lactoferrin, and oligosaccharides, which are present in maternal milk. Timing for the introduction of gluten in the infants diet can reduce the risk for CD significantly, especially when breastfeeding is continued during that time and only small amounts of gluten are given (34, 35) . Because no valid follow-up studies have been done so far, the question still remains whether CD is simply delayed or whether the overall risk is reduced. Any ingredient of breast milk could be involved in this immune mechanism. Besides other antigens, human milk contains gliadin derived from the mother's diet and specific IgA antibodies against gliadin. The anti-gliadin IgA concentration was found to be the highest in colostrum compared with milk and serum (36, 37) .
In conclusion, toxic GP such as GP AA31-43 does not reach LE of enterocytes. This might be one reason for the failure in generating a physiological tolerance toward gliadin and its related cereal-storage proteins. Our experiments demonstrated that CD serum was able to transfer gliadin and specifically GP AA31-43 ex vivo and in vitro into LE of enterocytes, which is essential for their presentation to regulatory CD4 ϩ -T cells at the basolateral membrane. This translocation process is enhanced by gliadin antibodies from CD serum. It remains to be investigated whether this mechanism would probably explain the protective effect of breastfeeding in individuals with a genetic predisposition to CD.
